Observations of currents, hydrography, and turbulence provide unambiguous evidence for hydraulic control of flow over an isolated three-dimensional topographic feature on Oregon's continental shelf. The flow becomes critical at the crest of the bank, forming a strong supercritical downslope flow in the lower layer. Farther downstream, internal hydraulic jumps form as the bottom flow becomes subcritical. As a consequence, turbulence is greatly enhanced in the bottom boundary layer, in the sheared interface above the swiftly flowing bottom current, and in the internal hydraulic jump. The dissipation rate of turbulent energy is consistent with the mean energy removal rate for a hydraulic jump in an idealized two-layer flow. This enhanced turbulence constitutes a "high drag" state of the flow in which the form drag introduced by the topography exerts significant influence on the flow around it and mixing is increased 10¢ -10£ times the background values.
Introduction
Surprisingly few measurements of mixing have been made along the continental shelf, with most in regions of only gradually varying topography [Dewey and Crawford, 1988; Zülicke et al., 1998; Simpson et al., 1996] . Microstructure estimates of the vertical eddy diffusivity ¤ ¦ ¥ on the shelf are similar to those in the ocean's main thermocline: near Vancouver Island, (100 m -10 km horizontal extent). Such features can significantly alter the ambient stratified flow, intensifying density gradients, accelerating mean currents, and modifying vertical shear. The accompanying topographically induced turbulence may account for an appreciable fraction of the total shelf mixing and can exert a large bottom stress and dissipate considerable energy [Moum and Nash, 2000] .
One way topography generates turbulence is through plunging downslope flows. These can arise when a stratified flow encounters an underwater bump or sill. Isopycnals become elevated as the flow constricts to pass over the obstacle; potential energy is subsequently converted to kinetic energy downstream of the sill crest, where an accelerating density current forms. Intensified shear above the plunging lower layer may produce instabilities that generate turbulence and act as a conduit to transmit momentum and dissipate energy. Downslope flows may also experience a rapid deceleration and an increase in isopycnal elevation associated with hydraulic jumps. These arise when a flow dominated by kinetic energy (a supercritical flow) undergoes a transition to a flow dominated by its potential energy (a subcritical flow). To conserve momentum, only transitions from supercritical to subcritical are possible (hydraulic transitions from subcritical flows are not energetically favorable because the specific mechanical energy of a supercritical final flow state exceeds that of the initial flow state), and these involve the release of mechanical energy which is dissipated locally by turbulence or radiated through internal waves.
Much of hydraulic theory has been advanced through studies of approximately two-dimensional flow, such as that over tidal sills [Farmer and Denton, 1985; Wesson and Gregg, 1994; Farmer and Armi, 1999a, b] , and laboratory models of channel flow [Armi, 1986; Lawrence, 1993] . Hydraulic jumps have also been observed over more three-dimensional features such as Georges Bank [Loder et al., 1992] . Laboratory studies of stratified flow over three-dimensional orography indicate that high drag states are associated with breaking lee waves and vortex shedding [Vosper et al., 1999] ; similar experiments indicate that such internal hydraulic flows may be treated as two-dimensional under the appropriate conditions [Hunt and Snyder, 1980] .
In the atmosphere, hydraulically controlled flow over extreme topography dramatically enhances drag and modifies background circulation. While only a relatively small percentage of the Earth's surface has substantial topography, Baines [1996] estimates that high drag states associated with such topography account for 50U of the total atmospheric drag from the Earth's surface. The remaining 50U of the drag is spread more evenly over the Earth's surface in the form of boundary layer friction. Quantification and parameterization of high drag states (also referred to as mountain drag or orographic drag) is an active area of atmospheric research because of its dramatic effects on atmospheric circulation [Bacmeister and Pierrehumbert, 1988; Bougeault et al., 1997] . The importance of similar processes to numerical models of coastal ocean circulation is unknown since the parameterization of orographic drag is not incorporated in them (J. Allen, personal communication, 1999) .
To investigate the role of small topographic features in mixing coastal waters, we have made observations of currents, hydrography, and turbulence over an isolated threedimensional bank on the continental shelf off Oregon on three separate occasions. During two of our observation periods we observed enhanced mixing associated with hydraulically controlled flow over the bank. In each of these two cases a bottom-trapped density front formed into an energetic downslope current that accelerated down the southwest slope of the bank, culminating in a highly dissipative internal hydraulic jump. During the other observation period the mean velocity was weaker, and the flow is believed to have been blocked by the bank and presumably flowed around it.
The basic features of the flow during one observation period have been reported by Moum and Nash [2000] . The objective of this paper is to characterize the evolution of the flows on all three occasions and to assess the features of the flows in terms of the more general principles of internal hy- draulics. Our measurements of turbulence permit a quantitative assessment of bottom boundary layer friction, energy lost to turbulence in the internal hydraulic jump and the associated mixing downstream of the bank. In sections 2 and 3, we describe the setting of our measurements and present a series of spatial snapshots of density, velocity, and turbulence which are indicative of hydraulic flow. In section 4 we describe the bottom boundary layer turbulence and the corresponding bottom stress. In section 5 we compare the energetics of the observed plunging downslope flows with two-layer hydraulic theory. In sections 6 and 7 we quantify the associated drag and mixing. In section 8 we present a discussion of the results and their implication to coastal circulation. . The vertical scale referenced to the bottom is indicated to the right. These measurements show a near-surface layer characterized by enhanced velocity and temperature gradient fluctuations. This is presumably due to atmospheric forcing. At the bottom is a well-mixed BBL, within and above which active mixing is denoted by strong velocity fluctuations.
Experimental Details
Observations were made over Stonewall Bank on April 18, 1998 (24 hours); April 20, 1998 (21 hours) and April 15, 1999 (11 hours) . Stonewall Bank is an isolated threedimensional topographic feature over a relatively flat continental shelf. It rises 20 m above the shelf, 25 km from the Oregon coast near Newport (Figure 1 ), and is a popular fishing area. It consists of two rocky outcrops over a predominantly sand and silt shelf and has approximate dimensions of 3 km 10 km. Our measurements consisted of shipboard acoustic Doppler current profiles (ADCP; RDI 150 kHz), periodic conductivity-temperature-depth (CTD) profiles, and turbulence profiles using our loosely tethered turbulence profiler, Chameleon [Moum et al., 1995] .
The 1998 sampling pattern (ABC in inset to Figure 1 ) was chosen to document the flow parallel to the prevailing spring currents and perpendicular to the long axis of the bank. The two longer legs are each 3 km long and are separated by no more than 1 km. Although the bottom is slightly different along each leg, our analysis indicates no significant difference in dynamic properties between the two legs, and we consider each to be representative of the other. Slowly steaming around this pattern, we obtained vertical profiles of temperature, salinity, density, and turbulence statistics from the surface to within 1 cm of the bottom at 3-5 min intervals (translating to E 8 © g © 4 1 s t X © m horizontal separation). Currents were recorded at 2.5 min averaged intervals and 8 m vertical bins.
Having identified the salient features of the flow from the 1998 experiment [Moum and Nash, 2000] , our sampling in 1999 was altered slightly (DE in Figure 1 ). ADCP currents were collected using 2 m vertical bins to obtain a finerresolution velocity field. During the 2 field years, 800 microstructure profiles were made over 30 transects, each transect taking about 1 1/2 hours.
The cluster of sensors on Chameleon was protected from impact by a large ring below the nose. This allowed Chameleon to impact the bottom at 0.7 m s 9 # without damage. The sensors included a pitot tube (used to estimate the turbulent kinetic energy (TKE)) [Moum, 1990] , an airfoil shear probe (used to estimate u , the dissipation rate of TKE) [Moum et al., 1995] , a fast-response FP07 thermistor (used to estimate v x w , the diffusive rate of dissipation of temperature gradients), and a Neil Brown conductivity cell. Casts using the ship's SeaBird CTD were periodically made for comparison with Chameleon's temperature and conductivity measurements.
An example of measurements from a single Chameleon profile is shown in Figure 2 
) is confined to discrete depth bands. At this time an upper region (presumably dominated by surface forced mixing) penetrated the stratification with velocity and temperature fluctuations to a depth of 20 m. Velocity fluctuations were also intense in a 7 m thick bottom boundary layer (BBL). The BBL is so well mixed that temperature gradient fluctuations
are weak and the corresponding heat flux is small. Significant heat transport occurs in the actively entraining region above the mixed BBL and in the stratified surface forced mixing region.
Overview of Observations
During summer, upwelling favorable winds produce an equatorward coastal jet [Huyer, 1983] with velocities E 0.2-0.5 m s
#
. Near Stonewall Bank the flow is steered offshore and around Heceta Bank to the southwest. Currents are modulated by internal tides, which have a strong semidiurnal component, with amplitudes comparable to the jet (E 0.3 m s
$ #
) . Substantial shear can be produced by the large baroclinic tidal modulation [Pillsbury et al., 1974] .
Flow Evolution
During each profiling period, currents over Stonewall Bank flowed to the southwest, roughly in line with our transects and consistent with a coastal jet oriented parallel to the isobaths delineating the continental shelf break (see Figure 1) . On April 20, 1998, and April 15, 1999 , but not on April 18, 1998, highly baroclinic currents formed over the bank. An evolution of the 1998 event is shown in Plate 1 as a time series of spatial snapshots. Each image of density and turbulent dissipation rate was formed from 20-30 vertical profiles acquired during a 1 hour period. Velocity measurements from the shipboard ADCP have been mapped into alongand cross-transect components. These capture the largescale motions but are not sufficiently resolved to identify the sharpest vertical gradients or the highest-velocity flows close to the bottom.
Plate 1 shows the evolution of a dense bottom-trapped water mass as it flowed over the bank. The mostly barotropic currents in Plates 1a and 1b gave way to an accelerated lower-layer flow in Plates 1c-1e as the most dense (q 9 r ) X t 4 © kg m y ) fluid was forced over the crest and down the southwestern flank. The upper layer remained mostly stagnant. Several hours later, barotropic conditions were again observed (Plates 1g and 1h).
Throughout our observations, enhanced turbulence was observed within the 5-10 m thick BBL. The most intense mid-depth turbulence was associated with the two-layer hydraulic flow regime (Plates 1c-1e). In the initial stages a dense head (visible in Plates 1a and 1b) appeared at the crest (Plate 1c: it is not clear what forced the dense fluid up the slope; possibilities are considered subsequently). Intense vertical density gradients formed as the upper layer thinned to accommodate this intrusion (compare Plates 1b and 1c). Potential energy was converted to kinetic energy as the lower layer accelerated down the southwest flank of the bank. Farther downstream, the depressed isopycnals rebounded, vertical gradients weakened, and the lower layer slowed. These are characteristic features of a hydraulic jump.
In the early stages of the hydraulic flow (Plate 1c), the upper layer remained stagnant. As the flow evolved, the upper layer flow was mostly perpendicular to the lower layer (Plate 1d and 1e: out of the page, to the southeast). Intense shear existed between the two layers. Six hours after the peak density current/hydraulic jump regime, the flow returned to a barotropic state, with isopycnals relatively horizontal.
Turbulence
As the lower-layer density current thinned and accelerated downstream of the crest, intense energy dissipation occurred in three distinct regions of the flow: (1) in the highly stratified shear-driven mixing layer above the front, (2) in the intensified BBL, and (3) near the head of the front, where the hydraulic jump was observed.
The interface between the bottom density current and the mostly stagnant upper layer is a convergent region where velocity shear and density gradients intensify (Plates 1c-1e: 2 km R '
1 km and -30 m c -20 m). We attribute the enhanced mixing observed here (u E © ! m" s ! ) to shear instabilities that form in the accelerating flow region preceding an internal hydraulic jump [Lawrence, 1993; Farmer and Armi, 1999b; Pawlak and Armi, 1998 ]. Although our velocity measurements are not sufficiently resolved to explicitly determine the Richardson number e @ " 4 V b V 0 c " of Stonewall Bank, where velocities increased as the flow was squeezed by the topography.
Intense turbulence was also observed within hydraulic jumps (Plates 1c-1f:
The elevated dissipation observed in these regions represents an inefficiency in conversion of kinetic to potential energy, as required for momentum to be conserved within a hydraulic jump. Coincident with the high dissipation was a spreading of isopycnals, a further indication of turbulent mixing. A striking additional feature of this flow is the quiescent nature of the fluid approaching the bank at middepth (as represented by the dark blue region persistent in each plot of u ) . Such regions of stability are typical of convergent, accelerating flows and further indicate that the observed turbulence is generated locally while the background state of mixing over the shelf is relatively low.
Temporal Variability of Hydraulic Jumps
We returned to Stonewall Bank on April 15, 1999 to determine whether our 1998 observations were a one-time occurrence or a more permanent feature of flow over the bank. Plate 2 shows two snapshots of density, velocity, and dissipation. The topography is slightly different than that of Plate 1 because we extended our transect to deeper waters (see Figure 1) . The flow on April 15, 1999 showed a striking similarity to that observed in 1998: a strong lower layer flow was observed to plunge down the southwest flank of Stonewall Bank; above this was a low-velocity upper layer. Intense mixing was observed within the shear layer, hydraulic jump, and BBL. However, there are several key distinctions between the flows observed in 1998 and 1999: (1) the flow rate in the lower layer was 50% greater in 1999; (2) the downstream transition from supercritical to subcritical flow occurred considerably farther ( 1 km) downstream; and (3) the dissipation rates were 10 times greater. The last point is highlighted by comparing the u image plots with identical color scales in Plates 1c, 1d, and 2. In both data sets, blue regions (indicating low turbulence levels) appear as wedges over and upstream of the crest. However, the 1999 observations exhibit substantially greater turbulence in the BBL and sheared interior downstream of the bank (the image map is more red). In contrast to the strong supercritical flows described above, we present two examples of the weak subcritical flows during the 24 hour observation period on April 18-19, 1998 (Plate 3). At these times the water column was less stratified (
) , currents were dominated by a weak semidiurnal tidal modulation (
) , and Richardson numbers were large. In the first example (Plate 3a), currents flowed from the northeast and isopycnals were slightly elevated near the crest of the bank. Six hours later, the flows were from the southwest, and isopycnals were slightly depressed over the bank. Absent in both cases are the sharp horizontal gradients and intense turbulent dissipation at middepth that are characteristic of a hydraulic jump.
Bottom Boundary Layer
We define the BBL thickness . The typical vertical structure over the top of the bank is well represented by the measurements presented in Figure 2 .
The friction velocity
W $ }
, which represents the magnitude of turbulent velocity fluctuations, was calculated assuming wall layer scaling of fluid flow in the BBL [Tennekes and Lumley, 1972] . In such a layer the stress is constant with depth and equal to the bottom stress where A denotes a vertical average over the boundary layer [Dewey and Crawford, 1988] . Comparisons of our estimates of from (2) and (3) mean bottom stress over and downstream of Stonewall Bank was almost 10 times that of upstream values. In contrast to the uniform mean BBL thickness of 7 m during 1998, the BBL in 1999 was significantly thinner over the bank (1-3 m thick), only thickening well downstream of the crest. This was presumably due to the much greater stratification observed in the BBL in 1999.
The bottom stress was also highly time-dependent, as indicated by the evolution of 
Hydraulic Control
Observations of density, velocity, and turbulence suggest hydraulic control of the flow over Stonewall Bank. The asymmetric plunging of the density interface (q r = 24.8, for example) in Plate 1c is qualitatively consistent with a transition from subcritical flow upstream of the bank to supercritical flow downstream of the bank. The intense turbulence and spreading of isopycnals suggest that an internal hydraulic jump occurs downstream of the bank. In this section, our goal is to substantiate these impressions through comparison with two-layer two-dimensional hydraulic theory.
A schematic of the flow is given in Figure 5 , based on our description of the observed flows and backed by estimates of nondimensional Richardson ( e ; gradients based on 4 m averages) and internal Froude numbers (defined subsequently in (5) to supercritical flow at the crest and back to subcritical at the location of the internal hydraulic jump. The low e at the top of the bottom current suggests that shear instability is the cause of the turbulence observed there.
To evaluate and quantify the influence of hydraulic control, we consider the flow over Stonewall Bank as a twolayer flow over a gently varying two-dimensional bottom. Although the bank is three-dimensional, Hunt and Snyder [1980] have shown that currents flow over an axisymmetric topographic feature rather than around it when its height is less than ( is the free stream velocity). Near Stonewall Bank,
We justify our two-dimensional analysis by concerning ourselves with the flow within h k c E 8 © m of the summit. Furthermore, the width of the bank is considerably greater than the along-current dimension, making it somewhat two-dimensional regardless.
Stratified hydraulic flow as a two-layer system with the hydrostatic approximation has been extensively studied and compared with theory [see Baines, 1984; Armi, 1986; Lawrence, 1993] , and is only briefly reviewed here. Consider the two-layer flow shown in Figure 6 . The specific mechanical energy of each layer can be written in terms of the Bernoulli equations: [Lawrence, 1993] . It is straightforward to show that the flow can pass from subcritical to critical only where the bottom slope Farmer and Denton, 1985] . Physically, the lower layer loses potential energy because of the decreasing elevation of the interface as it approaches the crest and thus gains the kinetic energy to accelerate it over the rise. The Froude number is critical (
A " @
) at the crest. Downstream, potential energy is further converted to kinetic, so that s " s . These flows are different in character from the approach-controlled flows observed by Farmer and Denton [1985] in Observatory Inlet, which are supercritical both upstream and downstream of the crest but similar to the Knight Inlet flows observed by Farmer and Armi [1999b] .
Differentiating (4) (1) and (3)) and smoothed by fitting to a fifth-order polynomial. Surface and interfacial stresses were assumed to be zero. Note that for flows with a stagnant upper layer, , so that the composite Froude number is simply " Q @ R s " "
. Hence there is a one-to-one correspondence between A "
and W "
for a given "
, as plotted in Figures 7b and 8b .
The interface location corresponding to subcritical flow is given by the curve ABC. The supercritical solution downstream of the crest is shown as BD; the supercritical upstream branch has not been plotted because it is not consistent with the observed upstream density structure. Both ABC and ABD are possible descriptions of the in-terface location for flows where the only energy loss is due to bottom friction. However, the lowering of isopycnals in the direction of flow across the crest ( § ® ) 4 ) g t km) indicates that downstream of the crest, potential energy is converted to kinetic energy. This is represented as an increase in the internal Froude number, which requires the flow to take the supercritical branch BD instead of the subcritical branch BC. Our measurements of potential density and estimated lowerlayer velocity (the shaded regions in figure 7 ) are consistent with a transition to supercritical flow at the crest (B). Note that the lower-layer velocity is not resolved with the ADCP and is instead estimated using (2) and (3).
By assuming no interfacial stress the two-layer simulations have neglected the effects of entrainment and momentum transfer associated with the high-dissipation regions in Plates 1c and 2a. This is consistent with Figures 7 and 8 , which indicate that the two-layer simulations underpredict the lower-layer thickness (and hence overpredict the lowerlayer velocity) in the supercritical region (BD) since the momentum transfer from lower to upper layers has not been accounted for.
The abrupt rise in isopycnals and concurrent decrease in lower-layer velocity near @ X n t km in Figure 7 and near @ © t km in Figure 8 suggest the occurrence of a hydraulic jump. This is confirmed by the observed return to subcritical internal Froude number ( " § ) at this location. The progressive spreading of isopycnals (indicated by the thicker shaded region as decreases) is evidence of mixing at the interface and is consistent with the high values of u and TKE observed in the hydraulic jump and in the highly sheared interface upstream of it.
The interface location downstream of a hydraulic jump is determined by requiring momentum to be conserved within the jump, necessitating a net loss of mechanical energy. The energy of the downstream state depends on the location of the hydraulic jump; transitions to two such states (E and F) are indicated by the slashes in Figures 7 and 8 . The rate of mechanical energy loss per unit width associated with these transitions is " h and is given in Table 1 . In comparison, the measured rate of energy dissipation and mixing by turbulence per unit width of the hydraulic jump is 
³ I
is the irreversible buoyancy flux, generally believed to be E © ) X u in stratified turbulence [Moum, 1996] . Similarly, the measured dissipation within the BBL is calculated by integrating (7) over the domain of the BBL; we assume ³ I @ © in the well-mixed BBL. The total dissipation during hydraulic flow is roughly equivalent to the estimates of " h using two-layer hydraulic theory and is summarized in Table 1 . This indicates that most of the energy lost in the hydraulic transition is removed locally by turbulent dissipation and mixing, and that little remains for internal wave generation. There is no indication of significant wave energy in our observations (albeit our measurements were not designed to investigate the wave field).
A significant fraction of the energy dissipation occurs in the BBL. The enhanced bottom friction thus reduces the lower-layer velocity and energy "
within the supercritical region, thus requiring less energy to be dissipated in the hydraulic jump. Similar to the roll of shear instabilities at middepth that transport momentum out of the supercritical lower layer, the bottom drag tends to reduce " in advance of the hydraulic jump. Whereas the bottom drag has generally been successfully neglected by others (in laboratory experiments and observations where the topography is much more extreme), the effects of bottom stress are very significant at Stonewall Bank, where the shallow slope of the bank allows HI to act over large distances. The hydraulic flow observed in 1999 was an order of magnitude more dissipative than that observed in 1998 for primarily two reasons: (1) the flow rate in 1999 was 50% larger than that in 1998; and (2) the hydraulic transition in 1999 was much farther downstream than that in 1998. While in 1998 the supercritical region's horizontal extent spanned only E 0.5 km, in 1999 the supercritical flow was maintained for 2 km. As a result, more potential energy was converted to kinetic energy, intensifying the bottom boundary layer in 1999. Higher internal Froude numbers were thus achieved, producing increased velocities, a thinned lower layer, and strengthened shear to enhance mixing.
Drag
To assess the relative contributions of the BBL and the hydraulic jump to the larger-scale dynamics, we partition the drag force exerted by Stonewall Bank into skin friction (due to dissipative losses in the BBL) and form drag (associated with the pressure drop across the bank due to the asymmetrical velocity and density structure of the flow). The results of these calculations are summarized in Table 2 .
In section 4 the average spatial distribution of the bottom stress H 8 I resulting from skin friction was described. During periods of strong supercritical hydraulic flow (Plates 1c-1e and Plate 2), HI was considerably larger than the mean skin friction shown in Figure 3 .
In contrast, form drag is associated with the pressure drop across the bank. It represents the total drag and is determined by integrating the horizontal component of the pressure force acting normal to the surface of the bank [Baines, 1996, section 2.3 
with the endpoints of integration occurring at equal depths.
form represents the drag force per unit width; it may be expressed as a stress H form that is distributed over the hydraulically active section of the bank
km at Stonewall Bank. The stress associated with form drag may be directly calculated from the two-layer hydraulic flow simulations using (8) and (9); H form may also be estimated from the observed density fields, assuming pressure is hydrostatic (
) and the free surface pressure gradient is negligible. Since a surface pressure gradient is required to drive an upper layer flow, the form drag is underestimated as a result of the second assumption. However, during the periods of strong hydraulic flow that we observed (Plates 1c, 1d, 2a, and 2b), the upper layer was almost stationary and this assumption is justified.
Since our measurements upstream of the bank do not extend to the same depths as downstream, we make a further assumption that there are no horizontal gradients in density upstream of our most northeastward observation. Hence, far upstream of the bank, the vertical density structure was assumed to be that of our nearest profile (with constant density at depths below our measurements).
The form drag is found to be much larger than the skin friction, as summarized in Table 2 , similar in magnitude to the stress due to skin friction or form drag. This suggests that the drag cannot be neglected near the bank, which is a region where the geostrophic balance breaks down.
Mixing
Turbulent mixing processes not resolved by a model are often characterized by an eddy diffusivity ¤ r such that the O n both occasions the form drag was found to be considerably larger than the skin friction. Following Osborn [1980] , an estimate of the eddy diffusivity is obtained by balancing turbulent energy production with dissipation and buoyancy flux. Assuming the buoyancy flux to be a fixed fraction of the production, an estimate of the eddy diffusivity is
, where Å is a constant related to the mixing efficiency;
is generally believed to represent an upper bound and appears to be representative of mixing in the ocean's thermocline [Moum, 1996] . An eddy diffusivity can also be defined by considering the evolution equation of thermal variance, following Osborn and Cox [1972] , such that as the water mass passes over Stonewall Bank is evidence that mixing has occurred.
Since the endpoints (A and C) remain approximately the same and the mean velocities (from ADCP measurements) are approximately parallel to our transect, these changes in f Ì 1 ¾ i could be interpreted as the result of vertical mixing as a water mass is advected over Stonewall Bank. A simple onedimensional advective-diffusive model illustrates this process.
Assuming the flow to be horizontal and barotropic, with mixing represented solely by a constant (depth-independent) vertical eddy diffusivity ¤ r , the steady state spatial evolution equation for a scalar p in a constant depth domain reduces to
Equation 11 The flow is obviously highly modified by topography, is baroclinic, and is not steady state. Vertical velocities must also be important. In fact, the mechanisms by which turbulence is generated rely on these inhomogeneities. We should not expect (11) to predict the vertical structure at @ X j km. However, the complex, small-scale advective effects are removed through the comparison of f È 1 k i diagrams. While the numerical result indicates that a value of
describes the amount of mixing, the evolution equation is not sophisticated enough to predict where each water parcel will end up after passing over topography and through an energetic hydraulic jump. This highlights the difficulty in using uniform eddy diffusivities to parameterize the complex three-dimensional mixing induced by features like Stonewall Bank. [Ledwell et al., 1993] , the continental shelf off Vancouver Island (CD89) [Crawford and Dewey, 1989] , and the Mid-Atlantic Bight, (the site of the CMO experiment) [Sundermeyer and Ledwell, 2001] are shown above the figure. 
Discussion

Character of the Flow
The flows we have observed over Stonewall Bank are similar in many ways to those observed over the sill in Knight Inlet, British Columbia and reported by Farmer and Armi [1999a, b] . Both exhibit the basic characteristics of crest-controlled hydraulic flows in which a distinct transition from subcritical to supercritical flow at the sill crest culminates in a strong downslope flow. Acoustic images from Knight Inlet clearly show interfacial shear instabilities thought to be the source of entrainment into a growing wedge of mixed fluid. At Stonewall Bank our direct observations of high dissipation associated with supercritical flow have allowed us to quantify the mixing and to estimate the form drag and bottom friction. Although the Knight Inlet study succeeded in identifying processes associated with topographically controlled hydraulic flow, the energetics of the hydraulic jump and highshear regions were not quantified. From our measurements over Stonewall Bank we show that the energy lost by the mean flow is dissipated locally, presumably by the processes identified by Farmer and Armi [1999b] . Comparison with two-layer theory indicates that little energy remains for internal wave generation. In addition, our Osborn-Cox estimates of mixing are consistent with the observed evolution of f È 1 k i
properties as a water mass is followed through hydraulic transition. Finally, the bottom stress within the supercritical layer is found to be appreciable and represents a substantial energy sink.
There are also some important differences between these two flows. First, the sill at Knight Inlet is much steeper (1: 
#
) . These two factors indicate that the hydraulically controlled flow over Stonewall Bank is more subtle than that over the Knight Inlet sill. However, the flow over Stonewall Bank is probably more complicated, too. Over the Knight Inlet sill the background flow is tidal, producing a regularly occurring hydraulic flow. For the purpose of experimental investigation this makes planning somewhat straightforward. It is not yet clear exactly what conditions set up the hydraulic flow over Stonewall Bank. So far, our observations indicate that it does not occur every tidal cycle. This makes determination of the frequency of occurrence an important factor for both future studies of this flow and interpretation of its net effect on the coastal ocean.
Furthermore, J. M. Klymak and M. C. Gregg (The threedimensional nature of flow near a sill, submitted to Journal of Geophysical Research, 1999) have shown the importance of three-dimensional effects to the hydraulic flow in Knight Inlet. While we have considered only the two-dimensional aspects of the hydraulics as a first attempt at understanding the flow, Stonewall Bank is clearly an isolated threedimensional feature over a relatively uniform continental shelf. Since the direction of the oncoming flow is variable and since Stonewall Bank is not axisymmetric, we anticipate that the three-dimensionality of the flow plays a significant role in both the formation of hydraulic flow and its character. An important question not addressed by Farmer and Armi [1999b] is whether the spreading of isopycnals in the lee of the sill at Knight Inlet could arise from adiabatic straining (rapid deceleration and expansion of the lower layer) instead of diapycnal mixing. Here we consider a simple model that isolates the second effect at Stonewall Bank.
Consider, for example, the potential energy change associated with the mixing of a two-layer system (with a 1 kg m ! density step as in our two-layer calculations; 
which ranged in magnitude from 22 Wm $ # on April 20, 1998 to 150 Wm 9 # on April 15, 1999. Our measurements therefore suggest that the amount of turbulent mixing in the lee of the Stonewall Bank is strong enough to spread isopycnals as far as 30 m for the specific case illustrated in Figure  13 . Adiabatic straining likely plays a significant additional role in the spreading of isopycnals in the hydraulic jump region.
Flow Regimes
We have observed two types of hydraulic flows over Stonewall Bank: (1) a plunging crest-controlled flow with high dissipation in the lee of the bank (April 20, 1998 and April 15, 1999) , and (2) a subcritical, partially blocked flow with weaker dissipation (April 18, 1998) . Such hydraulic states of flow over topography may be classified with respect to a characteristic Froude number and the nondimensional topographic height @ { max`Â [Baines, 1984] . For the general case of linearly stratified flow ( " @ const) in a finite upstream depth Â we follow Baines [1987, 1996] and define a Froude number ½ @ Ø × Â 
½ Û
) . While the boundaries between such regimes are clearest for two-layer flows in a twodimensional domain, we propose that the complex flows over Stonewall Bank are also differentiated by ½
. A summary of the important dynamical quantities is given in Table  3 for our three observation periods.
On the basis of energy conservation arguments the lengthscale represents the height to which a water parcel with velocity can reach through stratification . It has been used by Hunt and Snyder [1980] , Farmer and Denton [1985] , and others as a measure of whether upstream blocking occurs. On April 18, 1998, m, suggesting that much of the flow may be blocked and forced around (rather than over) the 20 m high Stonewall Bank. Conversely, during the times of transitional hydraulically controlled flow, Ü E l m, suggesting that flow over the bank is more likely.
To characterize our observations, we consider two important dynamical quantities, the total dissipation per unit width µ e u ! V X Q V 0 c and the drag coefficient
In this form,
represents the total drag force on the bank per unit width, is the mean flow speed, and
m is the height of the bank. Our set of observations, albeit limited, suggests that the hydraulic flow state at Stonewall Bank is linked to Froude number, as shown in Figure 14 . Plunging transitional flows were observed only at intermediate ½ (solid symbols and shading). The integrated dissipation (Figure 14a ) at these times was significantly larger than during flows without hydraulic transitions. Subcritical flows with low total dissipation were observed for ½ § ß © t . During these periods it is quite possible that the flow (however unresolved) was around the bank. Numerical simulations [Schar and Durran, 1997] and laboratory experiments [Vosper et al., 1999] suggest that vortex shedding makes a substantial contribution to the drag force and dissipation at low ½ ; our sampling did not measure these effects. Low dissipation was also associated with pure supercritical flows (
) . Such flows represent the case where stratification is weak and the drag results primarily from skin friction (BBL dissipation) and boundary layer separation; the latter is likely less important at Stonewall Bank because of the shallow slopes of its flanks.
In comparison with channel flows, the Froude numbers at which similar two-layer systems are transitional crestcontrolled are © 4 C § ½ § [Lawrence, 1993] , qualitatively consistent with our findings. Vosper et al. [1999] , who found that the periodic shedding of vortices over isolated three-dimensional topography adds time variability to the hydraulic regimes and provides an alternate means of dissipating mean flow energy.
The drag coefficient (Figure 14b ) was found to be largest at low ½ , consistent with the experiments of Vosper et al. [1999] . This reflects the importance of stratification to topographically induced drag, especially when flows are weak and subcritical, such as those observed on April 18, 1998. During times of plunging hydraulic flows,
Ý Þ
was elevated, with a maximum of Ý Þ ² E © . In contrast, small drag coefficients were produced during the weakly stratified periods (large ½ ); however, the dissipation can still be substantial for ½ ² since velocities are often large and u Ì à Ý Þ É . We find the dominant component of the drag to be that due to form drag, consistent with the observations of Johnson et al. [1994a, b] . In their comparisons the skin friction estimated from dissipation measurements, g u c 0 ¢ # , was found to account for only one third of the total drag on the Mediterranean outflow plume. Johnson et al. [1994a] suggested five possibilities to reconcile their measurements. The most likely is that form drag from large bottom roughness elements was responsible for the increased drag. The dissipation associated with these elements was undetected because of poor spatial sampling of u . In this study, highly resolved measurements were obtained over a single roughness element, elucidating the effect of form drag from that of skin friction. During times of plunging downslope flows we find that the form drag is several times larger than the skin friction estimated from BBL dissipation measurements alone. Dissipation elsewhere (in the hydraulic jump, for example) is only indirectly related to the form drag, and the estimation of total drag using u c 0 # is inappropriate. This suggests that when the scales of the roughness elements are comparable to the boundary layer thickness, the total drag may be underestimated from dissipation measurements, which only partially account for the total pressure drop over a roughness element.
Driving Mechanisms
At this stage we can only speculate on the background factors responsible for initiating supercritical hydraulic flow over Stonewall Bank. We understand that the observed hydraulic flows are driven by the larger-scale hydrography and are dependent on both the density structure and the velocity field surrounding Stonewall Bank. There is strong supporting evidence to suggest that these intense flows occur frequently.
8.3.1. Density structure. Recent observations from 18 days of Sea-Soar surveys (J. A. Barth, personal communication, 1999 ) and historic CTD surveys [Huyer, 1973] over the Oregon shelf indicate that the dense water upstream of the bank is a persistent feature of the coastal hydrography. Through coastal upwelling, dense water is raised to shallow depths over the inner shelf and a cross-shelf density gradient is established. As water is advected along the shelf, the continuous horizontal density gradient is interrupted by the presence of Stonewall Bank, which breaks down the geostrophic thermal wind balance. Dense water inshore of the bank splits as it approaches Stonewall Bank. While the offshore branch either maintains its depth or slumps down the continental slope, the inshore branch shoals as it is forced over the shallows (Figure 15 ). This occurs both at times when upwelled water is advected by southward flowing alongshore currents (typical of active upwelling during strong northerly winds) and during the relaxation from upwelling, when the long-shore pressure gradient forces a reversal in the coastal current and poleward flow. In either event, dense water is found inshore of Stonewall Bank at much shallower depths than offshore, setting up strong horizontal density gradients across the bank. Figure 15 . Equatorward geostrophic flow along the Oregon shelf during active summer upwelling, as indicated by the large arrows. While most of the dense flow is steered to the west of Stonewall Bank following isobaths, a fraction is forced inshore and shoals. This dense water inshore of the bank is elevated with respect to its offshore counterpart and becomes the source of the active bottom layer of the hydraulic flow. The small arrows indicate the direction of the hydraulic flow, which is initiated by tidal currents, relaxation events, or other ageostrophic processes.
Velocity field.
We can identify two sources of short period cross-shelf baroclinic flows with the potential to push fluid up the side of Stonewall Bank. While the predominant spring/summer winds are northerly along the coast, producing classic upwelling conditions over the Oregon shelf, their intensity varies and their direction reverses many times over an upwelling season. Consequently, the cross-shelf flow at depth will also vary in intensity and direction. In the days prior to our 1998 observations of enhanced mixing, winds near Stonewall Bank were generally upwelling favorable and variable, with a diurnal cycle of calm in the early morning building to relatively weak (E of the conditions under which high drag states occur will be necessary before modelers can attempt to properly represent these processes in the coastal circulation.
Topographic features similar to Stonewall Bank occur along the Oregon coast. For example, to the south, Heceta bank rises to within 50 m of the surface and is some t h © km in extent. It is likely that these features induce a substantial fraction of the mixing on the Oregon shelf and in other coastal areas that have gently varying bathymetry punctuated by small topographic features.
